Peptidyl-tRNA hydrolase (Pth) catalyzes the release of tRNA to relieve peptidyl-tRNA accumulation. Because Pth activity is essential for the viability of bacteria, Pth is regarded as a promising target for the discovery of new antimicrobial agents. Here, the structure of Pth from the Gram-positive bacterium Staphylococcus aureus (SaPth) was solved by X-ray crystallography at a 2.25 Å resolution. The SaPth structure exhibits significant structural similarity with other members of the Pth superfamily, with a conserved α/β/α sandwich fold. A molecular phylogenetic analysis and a structure database search indicated that SaPth is most similar to its homolog in Streptococcus pyogenes, but it has a different substrate-binding cleft state.
Introduction
For a variety of reasons, such as amino acid starvation, defective or truncated mRNAs, or tRNA starvation, the premature termination of the translation process during the protein synthesis process results in the release of peptidyl-tRNAs [1] [2] [3] [4] . The accumulation of peptidyltRNAs is toxic to the cell because these tRNAs can either impair the initiation of translation or slow protein synthesis as a consequence of limitations in the corresponding tRNAs and amino acids [5] [6] [7] . This problem is solved by an enzyme called peptidyl-tRNA hydrolase (Pth), which acts by recycling the peptidyl-tRNA molecules into free tRNA and peptide moieties [8] . Pth is an esterase that hydrolyses the ester bond between the carboxy-terminal end of the peptide and the 2′-or 3′-hydroxyl of the ribose at the 3′-end of the tRNA [9, 10] . Pth enzymes are ubiquitous in nature and can be classified into two types which are termed Pth and Pth2. There is no sequence or structural similarity between Pth and Pth2; however, the functions of both Pths are similar [11] [12] [13] . Pth is present in bacteria, whereas Pth2 is present in archaea, bacteria, and eukaryotes [14] . Both orthologs of Pth and Pth2 as well as various other types of Pth are present in eukaryotes [11, 12, 15] . In bacteria, Pth serves an essential function for cell viability [5, 7] . For this reason, bacterial Pths are attractive targets for antimicrobial agents [16] [17] [18] . To design specific inhibitors of Pths that belong to a specific bacterium, it is necessary to know the structure of the Pth enzyme from the bacterium.
Staphylococcus aureus, a Gram-positive microorganism, is an important human pathogen that can cause diseases that range in severity from mild to life-threatening. S. aureus is notorious for its ability to become resistant to most antibiotics. Some severe syndromes or pathologies, including pneumonia, sepsis, and endocarditis, are compounded by the emergence of methicillin-resistant and vancomycinresistant S. aureus [19] . Because Pth activity is essential for the viability of bacteria, Pth from S. aureus (SaPth) is regarded as a promising target for the discovery of new antimicrobial agents. However, several structures of Pth from Gram-negative bacteria are available, but very few are known from Gram-positive bacteria. In this context, the structural study of SaPth will help to compare the structural variations among the Gram-positive bacterial Pths and will further help to design the inhibitors of this important S. aureus enzyme. Here, we report the crystal structure of SaPth at a 2.25 Å resolution. The structure reveals that SaPth is a homodimer in each asymmetric unit, but a size-exclusion chromatographic assay suggests that it is a monomer in solution. The crystal-packing contacts between the homodimer in asymmetric units results in an open state for the substrate-binding cleft, which is different from that of the Streptococcus pyogenes analog, but similar to that of EcPth.
Materials and Methods

Cloning, expression, and purification
The full-length SaPth gene (GenBank No. YP_499054.1) was PCRamplified from S. aureus strain NCTC8325 by using Prime STAR HS DNA Polymerase (TaKaRa, Tokyo, Japan). The DNA fragment was inserted into expression vector pET28-a(+) with His-tag at the C-terminus of recombinant SaPth. After sequencing, the plasmid was transformed into Escherichia coli BL21(DE3) cells (Novagen, Madison, USA). The transformant was grown in 1 l of LuriaBertani medium containing 50 µg/ml kanamycin at 37°C. When an OD 600 of 0.6-0.8 was reached, 0.5 mM isopropyl β-D-1-thiogalactopyranoside was added for induction. After 20 h of induction at 16°C, the cells were collected and lysed. The recombinant protein was purified by using Ni 2+ -nitrilotriacetate affinity resin (Ni-NTA; Qiagen, Duesseldorf, Germany) in buffer consisting of 50 mM Tris-HCl, pH 8.5, 500 mM NaCl, and 5% glycerol. Crystallization, data collection, and structure determination
The hanging drop vapor diffusion method was used for the crystallization. In brief, SaPth solution was mixed with well solution consisting of 25% PEG 3350, 0.2 M ammonium sulfate, 0.1 M HEPES, pH 7.5, at a 1:1 ratio, and incubated at 16°C for 3 days, and the crystals were yielded. Datasets for all of the aforementioned crystals were collected on beamline 17U at the Shanghai Synchrotron Radiation Facility (SSRF) at −173°C. The data were processed and scaled with HKL2000 [20] and CCP4 package programs [21] . The SaPth structure was determined by molecular replacement by using MrBUMP from the CCP4 suite. The structure of Pth from Mycobacterium tuberculosis (PDB code: 2Z2I) [22] , which shares 35% amino acid sequence identity with SaPth, was used as the search model, as the structure of SpPth (PDB code: 4QT4) which is 43% identical to SaPth was not found in PDB at that time. The initial model from Phaser was refined to the full resolution range by using REFMAC5 [23] and manually rebuilding in Coot [24] . The final model was evaluated with the program PROCHECK [25] . The crystallographic parameters are listed in Table 1 . All of the structures in the figures were prepared with PyMOL.
Size-exclusion chromatography assay
Size-exclusion chromatography was performed with a Superdex 200 column (10/300 GL; GE Healthcare) attached to an AKTAprime plus system (GE Healthcare). In brief, protein samples or molecular mass standards were applied to the Superdex 200 column at a flow rate of 0.5 ml/min and eluted with 20 mM Tris-HCl ( pH 8.5) containing 200 mM NaCl. The standard proteins (GE Healthcare) used in this assay were thyroglobulin (669.0 kDa), aldolase (158.0 kDa), conalbumin (75.0 kDa), ovalbumin (44.0 kDa), and ribonuclease A (13.7 kDa). The void volume was determined with blue dextran (GE Healthcare). The proteins were detected by measuring the absorbance at 280 nm.
Results and Discussion
Overall structure of SaPth
The purified recombinant SaPth protein showed a single band at 24 kDa in 15% SDS-PAGE (data not shown), which corresponds to the theoretical molecular weight of the SaPth (residues 1-190) tagged with His. The SaPth structure was solved by the molecular replacement method, and the crystallographic statistics are summarized in Table 1 . The SaPth crystals belong to space group P2 1 2 1 2 1 . There are two molecules of SaPth in each asymmetric unit, representing 358.5 Å 2 of combined, buried surface area. The superposition of the two molecules shows little structural variation (0.5 Å root mean squared deviation or RMSD). Hence, we discuss only one of the two molecules in the asymmetrical unit in the following paragraphs.
To test whether SaPth is present as a dimer in solution, a size-exclusion chromatographic assay was performed. As shown in Fig. 1A , SaPth was eluted as a single peak at 18.4 kDa, corresponding to its theoretical monomer size of 21.7 kDa. The above result indicated that the dimerization of SaPth in the crystal may be related to the crystal-packing environment.
The SaPth crystal structure exhibits significant structural similarity with other members of the Pth superfamily, with a conserved α/β/α sandwich fold. The arrangement of secondary structure elements is shown in Fig. 1B . The structure of SaPth consists of eight helices and seven β-strands (Fig. 1C) . Four parallel β-strands (β1, β4, β5, and β7) form a twisted β-sheet in the center of the molecule, two β-strands (β2 and β3) are antiparallel to the β-sheet and are located at one side of the center β-sheet, and the third antiparallel β-strand (β6) is located at the other side. The β-structure is surrounded at both sides by helices. One side contains two α-helices, namely, α3 and α4; the other side contains five helices, namely, η1, α2, α6, α7, and η8; while α5 is on the top edge of SaPth. In these helices, there are two short helices, with η1 consisting of four amino acid residues and η8 ( part of the Histag) consisting of three histidines, that should be the 3 10 -helices.
Comparisons between SaPth and other members of the Pth superfamily
Currently, many Pth structures from different species have been solved, including S. aureus Pth (SaPth, in this study), S. pyogenes Pth (SpPth) [26] , Acinetobacter baumannii Pth (AbPth) [27] , Pseudomonas aeruginosa Pth (PaPth) [28, 29] , E. coli Pth (EcPth) [30] , Salmonella typhimurium Pth (StPth) [31] , Burkholderia thailandensis Pth (BtPth) [32] , Francisella tularensis (FtPth) [33] , Mycobacterium tuberculosis Pth (MtPth) [22] , and Mycobacterium smegmatis Pth (MsPth) [34] . Molecular phylogenetic analysis of the above 10 Pths was performed by the maximum likelihood method based on the JTT (Jones DT, Taylor WR, Thornton JM.) matrix-based model [35] with the MEGA6 program (Molecular Evolutionary Genetics Analysis version 6.0) [36] . Results indicated that the above 10 Pths could be divided into two categories. SaPth, SpPth, MtPth, and MsPth were Gram-positive bacterial Pths, and the other six wereGram-negativebacterialPths (Fig.1D) .Outofallthe10Pths,theGrampositive bacterial SaPth was genetically and evolutionarily closest to SpPth (with theshortestphylogeneticdistanceof 0.97)andfarthest fromtheGramnegative bacterial EcPth (with the longest phylogenetic distance of 1.74). Dali search indicated that, unlike the large phylogenetic distance between them, all the above 10 Pths were conserved both in amino acid sequences and in 3D structures. However, the SpPth still was the most similar homolog of SaPth. (Fig. 2B) . The minimum distances between the base loop and the gate loop or the lid loop in each Pth are listed in Table 2 . SaPth was most similar to SpPth in sequence similarity, phylogenetic, and structural similarity analyses, which indicated that SaPth was most likely to adopt the same substrate-binding cleft pattern as that of SpPth. However, SaPth adopted a wide-open state instead (Fig. 2C) . In comparison with that of SpPth, the C-terminal helix η8 consisting of three histidines was inserted into the substrate-binding cleft of the adjacent SaPth molecule, and it pushed the lid loop and base loop away from each other. 10 -helix η8 and the substrate-binding cleft (Fig. 2D) . The above interactions between two adjacent SaPth molecules not only changed the relative position of the lid loop but also stabilized the configuration of the long C-terminal loop and α-helix regions in SaPth crystals. 
Substrate-binding cleft pattern of SaPth
